The effect of N-[N`-(4-methoxyphenyl)benzenesulphonamido]-3-carboxy-4-methyl-4-(4-methylphenyl)-3-butenamide 1, N-(N`-phenylbenzenesulphonamido)-3-carboxy-4-methyl-4-(4-methylphenyl)-3-butenamide 2, and N-[N`-(4-chlorophenyl)benzenesulphonamido]-3-carboxy-4-methyl-4-(4-methylphenyl)-3-butenamide 3, on the corrosion of low carbon steel in 1 M hydrochloric acid solution has been studied by weight loss measurements and potentiodynamic technique over the temperature range 30-60 °C. Results obtained showed that protection efficiency increased with the increase in concentration of the different organic compounds used and decreased with the increase in temperature. Langmuir adsorption isotherm at all temperatures was studied. The phenomenon of physical adsorption is proposed from the values of E a and ∆G˚a ds . Results obtained showed that compound 1 is the best inhibitor, and the protection efficiency follows the order: 1 > 2 > 3.
Introduction
Steel is the most important engineering and construction material in the world. It is used in every aspect of our lives (automotive manufactures, construction products, steel toecaps, protective footwear, refrigerators, washing machines, cargo ships and so on). Oxidation occurs at anodic site and reduction occurs at cathodic site. In acidic medium, hydrogen evolution reaction predominates. Corrosion inhibitors reduce or prevent these reactions; they are adsorbed onto the metal surface and act by a forming barrier to oxygen and moisture, and some of the inhibitors facilitate the formation of a passive film on the metal surface. Several works have studied the influence of organic compounds containing nitrogen on the corrosion of steel in acidic media [1] [2] [3] [4] [5] [6] [7] [8] [9] . Most organic inhibitors act by adsorption on the metal surfaces [4] . The effect of surfactants has been studied and it was shown that the protection efficiency increases with the number of carbon atoms in the molecule [4] . Thermodynamic model is an important tool to study the mechanism of the inhibitor on the corrosion of metal. A thermodynamic model for the adsorption process has been suggested [10] [11] . In the present work, the protection effect of three compounds (1, 2, and 3) on low carbon steel surface in aggressive 1 M HCl solution is presented.
Experimental
Low carbon steel used in this study has the following composition (wt%): C (0.26), Si (0.08), Mn (0.6), S (0.006), P (0.008) and the remainder is iron. All specimens were mechanically polished with a sequence of emery papers of various grades (150, 320 and 600) and thoroughly washed with bidistilled water and acetone. Dried and cleaned specimens were kept in a desiccator over silica gel [12] with different N-substituted 4-aminobenzenesulfonamide derivatives [13] under both conventional thermal heating and microwave irradiation techniques, has been performed using the weight loss method and electrochemical studies (potentiodynamic polarization techniques).
In the weight loss method, the progress of the corrosion reaction was calculated by determining the weight loss of the coupons (obtained as the differences in the weight of the coupons after immersion in different solutions of the system and their original weight). 
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where W o is the original weight (mg) and W 1 the weight after immersion in the test electrolyte, t the immersion time (hour), and R' corr and R corr are the corrosion rates with and without an inhibitor, respectively. Two measurements were performed in each case and the mean value of the weight loss was reported. Potentiodynamic polarization studies were carried out with the test specimens having an exposed area of 1 cm 2 using an EG&G PARC model 350A (console) in the range from -250 mV to 1000 mV, using a scan rate of 0.5 mV/sec. The cell consisted of test specimens as working electrode and a saturated calomel electrode (SCE) as reference electrode. Two carbon electrodes were used as counter electrodes.
Results and Discussion
Corrosion rate and protection efficiency Fig. 1 shows the average corrosion rate (R corr ) of low carbon steel, expressed as mg hour -1 cm -2 , as a function of the logarithmic concentration of compounds 1, 2 and 3 in 1 M HCl solutions at 30 °C. It demonstrates that the addition of the organic inhibitors decreases the corrosiveness of the acid. The corrosion rate of low carbon steel depends on the concentration of inhibitors. Their actions depend on the nature of substituent. The protection efficiency increases with increasing the inhibitor concentrations. Also, the protection efficiency decreases from compound 1 to compound 2 to compound 3, as shown in Table 1 . Fig. 3 shows the variation of the corrosion rate of low carbon steel, as a function of the logarithmic concentrations of compound 1 at different temperatures. Fig. 4 shows the effect of the concentration of compound 1 on the protection efficiency of low carbon steel, at various temperatures. The same behavior is observed for compounds 2 and 3. In general, the protection efficiency increases with decreasing temperature. This indicates that the adsorption of these compounds on low carbon steel surfaces is a physical adsorption.
Adsorption isotherm
It has been reported that the adsorption of an organic compound onto the surface of the metal is dependent on the physicochemical properties of the inhibitor molecules such as steric factors, functional groups, electron density (i.e. charge distribution) at the donor atoms and л orbital character of donating electrons and also on the nature of the substrating metal and the type of interaction between organic molecules and the metallic surface [14] . In order to obtain a better understanding of the electrochemical process on the metal surface, adsorption isotherms at 30 °C were drawn. The degree of surface coverage ( θ ) at different concentrations of each inhibitor in acidic medium has been evaluated from the weight loss measurements, according to equation (4):
Data related to the degree of the surface coverage ( θ ) were tested graphically in order to determine the most suitable adsorption isotherm. As shown in Fig. 5 , the plot of C/ θ versus C for low carbon steel in 1 M HCl with different inhibitor concentrations, yields a straight line showing that the adsorption of these inhibitors is well described by the Langmuir isotherm. These isotherms are described by equation (5),
where C is the inhibitor concentration, k the adsorption constant, and ∆G˚ the standard free energy of adsorption. The calculated values of k and ∆G˚ of the adsorption reaction of low carbon steel are shown in Table 1 . The negative value of the standard free energy of adsorption indicates spontaneous adsorption of these inhibitors on low carbon steel. This means that the inhibitive action of these substances results from the physical adsorption [15] , as mentioned before.
Activation energy
According to the Arrhenius equation,
where E a is the apparent activation energy, A is the pre-exponential parameter of Arrhenius, and k is the rate of a metal dissolution reaction, and is directly related to the corrosion rate by equation (8): ln ln
Fig . 6 shows the logarithmic plot of the corrosion rate of low carbon steel in 1 M HCl as a function of (1/T) in free and inhibited solutions, respectively. For the inhibitor free solution, the energy of activation, evaluated from these graphs, is found to be equal to 38.18 kJ mol -1 for low carbon steel. This value is in agreement with the literature data [16] . In the presence of anyone of the studied inhibitors, the energy of activation increases. For a 400 ppm concentration of compounds 1, 2 and 3, the calculated values of the apparent activation energies are 57.7, 53.4 and 43.9 kJ/mol for low carbon steel. This indicates that the formation of the adsorption film occurs by a physical mechanism [17] . Enthalpy and entropy of activation, ∆H˚ and ∆S˚, were obtained by applying the transition state equation (9):
By plotting log (R corr /T) vs. (1/T) at 400 ppm of the tested inhibitors, straight lines are obtained for low carbon steel, as shown in Fig. 7 . The values of ∆H˚ and ∆S˚ can be calculated from the slopes and intercepts of the straight lines, respectively, Table 1 . The results showed that the enthalpy of activation is positive. The positive sign of the enthalpy reflects the endothermic nature of the low carbon steel dissolution process [18] . Fig. 8 and 9 show potentiodynamic polarization curves and show that as the concentration of the tested compounds increased, the protection efficiency increases (e.g., compound 1 in Fig. 8) . Also Fig. 9 shows that the protection efficiency of the tested compounds follows the compounds sequence 1> 2> 3.
Chemical structure and corrosion inhibition of low carbon steel Inhibition of corrosion of low carbon steel in hydrochloric acid by the prepared compounds 1-3 as determined by weight loss, potentiodynamic polarization and thermodynamic measurements was found to depend on the concentration and structure of the inhibitor. The decrease in the corrosion rate in the presence of inhibitor with the increase in concentration of the inhibitor was indicated by the shift of Tafel lines to less negative potential regions and the protection efficiency decrease with the increase in temperature indicated that the corrosion inhibition takes place by adsorption of the inhibitors at the electrode solution interface [15] . Protection efficiency was found to depend on the number of adsorption active centers in the molecule and their charge density. Adsorbed molecules on the surface of the corroding metal interfere with cathodic and/or anodic reaction. Inhibition of these reactions would depend on the degree of surface coverage of the metal with the adsorbate. Competitive adsorption is assumed to occur on the surface of the metal between the aggressive chloride ions on one hand and the inhibitor molecule on the other. The order of decreasing protection efficiency of the tested compounds is compound 1 > 2 > 3. All compounds used have high molecular weight; compound 1 is the superior among the investigated compounds. This can be attributed to the presence of mesomeric effect exerted by the methoxy group which increases the electron donating ability to the vacant d-orbital of the metal. On the other hand, compound 2 is more efficient than compound 3. This can be attributed to the presence of electron attracting chlorine atom in compound 3, which decreases the electron donating ability to the vacant d-orbital of the metal by its inductive effect (-I). This also decreases the delocalization of the π-electron on the aromatic ring resulting from the decrease of electron density on the aromatic ring. The increase in temperature increases corrosion rate but decreases the protection efficiency. Protection efficiency was found to increase with increasing the concentration of compounds 1, 2 and 3. The adsorption of compounds 1, 2 and 3 on low carbon steel obeys Langmuir adsorption isotherm.
Conclusion

